The serine protease α-thrombin is a dual-action protein that mediates the blood-clotting cascade. Thrombin alone is a procoagulant, cleaving fibrinogen to make the fibrin clot, but the thrombinthrombomodulin (TM) complex initiates the anticoagulant pathway by cleaving protein C. A TM fragment consisting of only the fifth and sixth EGF-like domains (TM56) is sufficient to bind thrombin, but the presence of the fourth EGF-like domain (TM456) is critical to induce the anticoagulant activity of thrombin. Crystallography of the thrombin-TM456 complex revealed no significant structural changes in thrombin, suggesting that TM4 may only provide a scaffold for optimal alignment of protein C for its cleavage by thrombin. However, a variety of experimental data have suggested that the presence of TM4 may affect the dynamic properties of the active site loops. In the present work, we have used both conventional and accelerated molecular dynamics simulation to study the structural dynamic properties of thrombin, thrombin: TM56, and thrombin:TM456 across a broad range of time scales.
The serine protease α-thrombin is a dual-action protein that mediates the blood-clotting cascade. Thrombin alone is a procoagulant, cleaving fibrinogen to make the fibrin clot, but the thrombinthrombomodulin (TM) complex initiates the anticoagulant pathway by cleaving protein C. A TM fragment consisting of only the fifth and sixth EGF-like domains (TM56) is sufficient to bind thrombin, but the presence of the fourth EGF-like domain (TM456) is critical to induce the anticoagulant activity of thrombin. Crystallography of the thrombin-TM456 complex revealed no significant structural changes in thrombin, suggesting that TM4 may only provide a scaffold for optimal alignment of protein C for its cleavage by thrombin. However, a variety of experimental data have suggested that the presence of TM4 may affect the dynamic properties of the active site loops. In the present work, we have used both conventional and accelerated molecular dynamics simulation to study the structural dynamic properties of thrombin, thrombin: TM56, and thrombin:TM456 across a broad range of time scales.
Two distinct yet interrelated allosteric pathways are identified that mediate both the pro-and anticoagulant activities of thrombin. One allosteric pathway, which is present in both thrombin: TM56 and thrombin:TM456, directly links the TM5 domain to the thrombin active site. The other allosteric pathway, which is only present on slow time scales in the presence of the TM4 domain, involves an extended network of correlated motions linking the TM4 and TM5 domains and the active site loops of thrombin.
allostery | thrombosis T hrombin is a dual-action serine protease that plays a pivotal role in the blood-clotting cascade. The specific functional activity of thrombin is mediated by its interaction with the cofactor thrombomodulin (TM). In the absence of TM, thrombin acts as a procoagulant, cleaving fibrinogen to fibrin. However, when in complex with TM, thrombin acts as an anticoagulant by cleaving, and thereby activating, protein C (1, 2). TM contains six EGF-like domains; the fifth domain interacts directly with thrombin at the fibrinogen binding site, anion binding exosite 1 (ABE1). It has been shown that a TM fragment consisting of only the fifth and sixth EGF-like domains (TM56) is sufficient to bind thrombin and inhibit fibrinogen cleavage, but the additional presence of the fourth EGF-like domain of TM (TM456) is critical to induce the anticoagulant activity of thrombin (3, 4) . TM456 binding to thrombin significantly increases the association rate, k a , of a variety of active site-directed inhibitors of thrombin (5) (6) (7) (8) , and the k a for protein C binding is 1,000-fold higher for the thrombin-TM456 complex compared with thrombin alone (9) .
The mechanism by which TM456 enhances protein C cleavage is not yet fully understood and is particularly intriguing because ABE1 is distal to the active site and the essential TM4 domain makes no direct contact with thrombin whatsoever (10) (Fig. 1) . The simplest explanation for the dramatically increased association rates is that TM456 alters the structure of thrombin, most notably the conformation of the loops that surround the active site, a process generally referred to as structural or enthalpic allostery (11) . However, a comparative analysis of the X-ray crystal structures of thrombin [Protein Data Bank (PDB) ID code 1PPB] (12) and thrombin:TM456 (PDB ID code 1DX5) (10) revealed no significant structural differences in the thrombin active site loops. It should be noted that in these X-ray crystal structures, the active site is occupied by an inhibitor, potentially stabilizing the loops in a closed conformation.
To date, the most robust argument for the role of TM4 in the activation of protein C comes from a recent molecular modeling study (10) , which suggests that TM4 forms an extended binding surface for protein C, providing optimal alignment for insertion into the active site and subsequent cleavage. Critical electrostatic interactions between protein C and residues in TM4, including Glu382 in the β4-β5 loop, Asp398, and Glu357 as well as hydrophobic interactions with the aromatic residues Tyr358 and Phe376, were identified. The importance of these residues for the activation of protein C has been empirically validated by alaninescanning mutagenesis and H/D exchange experiments (13, 14) . However, the proposed "docking and optimal alignment" mechanism may be insufficient to explain the 1,000-fold increase in observed association rates, particularly for smaller substrates and other inhibitors, which may enter the active site of thrombin without directly interacting with the TM4 domain.
Several studies, including fluorescence (15), hydrogen/deuterium (H/D) exchange (16) , and isothermal titration calorimetry (17) , have identified changes in the thrombin active site region that occur on binding to different constructs of TM in the absence of protein C. These studies suggest that the presence of TM4 may affect the dynamic properties of both the active site and the loops surrounding it, a process referred to as entropic allostery (18) (19) (20) . A very recent NMR/molecular dynamics simulation study on thrombin bound to the inhibitor D-Phe-Pro-Arg-chlorormethyl ketone (PPACK) identified significant dynamic motions in the active site loops across time scales ranging from picoseconds to tens of microseconds even with inhibitor bound (21) .
In the present work, we use both conventional molecular dynamics (CMD) simulation and an enhanced conformational space sampling algorithm, accelerated molecular dynamics (AMD) (22) , to study the conformational behavior and potential allosteric pathways in thrombin, thrombin:TM56, and thrombin:TM456. AMD is an extended, biased potential molecular dynamics approach that allows for the efficient study of biomolecular systems Author contributions: P.M.G., P.R.L.M., and J.A.M. designed research; P.M.G. and P.R.L.M. performed research; P.M.G., B.F., E.A.K., and P.R.L.M. analyzed data; and P.M.G., E.A.K., and P.R.L.M. wrote the paper.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1218414109/-/DCSupplemental. up to time scales several orders of magnitude greater than those accessible using CMD while maintaining a fully atomistic representation of the system. AMD has already been used with great success to study the dynamics and conformational behavior of a variety of biomolecular systems, including polypeptides and both natively unstructured and folded proteins (23) . Community network models (24) have been used to identify potential allosteric pathways. This information is supplemented by both a generalized correlated motion analysis (25) and the calculation of backbone amino-nitrogen-amino-proton, NH N order parameters to compare the dynamic behavior of thrombin in the three different systems across a variety of time scales.
Results
We initially performed a set of six independent 20-ns CMD simulations for each of the three systems: thrombin, thrombin:TM56, and thrombin:TM456. For all three systems, a rather large conformational transition in the active site loops was observed during the equilibration procedure. Central to this conformational relaxation was a reorientation of both the extended 148 CT γ-loop (residues 178-192) and the 220 CT loop (residues 265-274), forming a more "open" active site pocket. Notably, the extended 148 CT γ-loop moves closer to the ABE1 70 CT loop (residues 93-109) (residue numbering details are provided in SI Text). This observation confirms the hypothesis that the presence of the inhibitor in the available X-ray crystal structures, which was removed before performing the CMD simulations, promotes a closed loop conformation. After this initial structural relaxation, the conformational dynamics of each of the three systems rapidly stabilized and the backbone rmsd to the average structure for the thrombin molecule was found to be 1.4 Å, 1.2 Å, and 1.2 Å for thrombin, thrombin:TM56, and thrombin:TM456, respectively.
The molecular ensembles generated from the CMD simulations were subjected to a community network analysis, which identifies communities (clusters of highly connected residues) based on residue-by-residue correlation and proximity (22) . A measure of "betweenness" of the intercommunity edges (Methods) affords the identification and characterization of potential allosteric pathways. Community network analysis results for thrombin, thrombin: TM56, and thrombin:TM456 are shown in Fig. 2 .
Several interesting and highly reproducible communities of residues were observed in the analyses in the majority of the CMD trajectories. In all cases, TM4, TM5, and TM6 are each represented by a single community. By contrast, the thrombin molecule in all systems consists of multiple interconnected communities divided between, most notably, the TM binding site (ABE1) and the proteolytic active site, including the catalytic triad (H57 CT , D102 CT , and S195 CT ), the 60 CT insertion, and the active site loops [90 CT , 148 CT (γ), 170 CT , 186 CT , and 220 CT ]. However, the number of thrombin communities differs from one system to the next. On average, isolated thrombin ostensibly comprised eight distinct large communities, whereas the thrombin molecule in thrombin:TM56 and thrombin:TM456 comprised only five to six large communities, on average. Similarly, the metric of cumulative betweenness of intercommunity edges, which is a direct measure of the strength of the potential allosteric interaction between communities, is greater in the two thrombin-TM complexes compared with thrombin alone. In the thrombin:TM56 system, a strong allosteric pathway is consistently observed linking the TM5, ABE1, and active site communities. The TM4 domain, which forms a strong allosteric connection to TM5, acts to enhance the strength of this allosteric pathway further. A second and very important difference between the community networks for thrombin: TM56 and thrombin:TM456 is the presence of a strong communication between TM5 and the 148 CT γ-loop of thrombin, which is only observed in the thrombin:TM456 construct.
The fast time-scale dynamics of thrombin in the isolated thrombin, thrombin:TM56, and thrombin:TM456 systems were analyzed by calculating backbone NH N order parameters, which provide a quantitative measure of the extent of (internal) reorientation dynamics of the N-H bond vector per residue (Fig. 3A) . Similar to the recent NMR/molecular dynamics simulation study on thrombin:PPACK, a strongly heterogeneous distribution of fast time-scale motions was observed in all three systems (21) . In the isolated thrombin system, order parameters in the 30 CT loop (residues 53-61), which forms part of ABE1, and in the 60 CT insertion (residues 83-91) were as low as 0.66 and 0.64, respectively. By contrast, in both the thrombin-TM complexes, these order parameters were substantially higher, with the lowest value being 0.76. Reduced fast time-scale dynamics (and hence higher order parameters) in the 30 CT loop are readily explained because this region makes direct contact with the TM5 domain. However, the same cannot be said for the 60 CT insertion. Significantly, the community network analysis models for both thrombin:TM56 and thrombin:TM456 (Fig. 2 ) identified a strong allosteric pathway connecting TM5 to the active site of thrombin via the 60 CT insertion. Higher order parameters in these same loops were also observed experimentally (21) . The dynamic communication observed between the active site, the 30 CT loop, and the 60 CT insertion is a prime example of entropic allostery. No other significant differences in the fast time-scale NH N order parameters for the three systems were observed. Calculated backbone rms atomic fluctuations also revealed no other significant differences, and the average structures of thrombin for the three systems were remarkably similar (backbone rmsd < 0.5 Å).
To access microsecond-millisecond time-scale motions more typical of allosteric regulation, a series of AMD simulations was performed at two acceleration levels: a moderate acceleration level (level 1), which samples configurational dynamics up to time scales of several hundred nanoseconds, and an aggressive acceleration level (level 2), probing dynamics up to several tens of microseconds (details are provided in SI Text). After free energy weighting of the AMD trajectories, a representative ensemble of structures was obtained. Whereas no substantial domain reorientation was observed for the TM EGF domains in the CMD, the AMD trajectories showed some domain reorientation, although with limited extent of motion. From the free energyweighted trajectories, averaged thrombin NH N order parameters were calculated (Fig. 3A) . In contrast to the fast time-scale dynamics, marked differences in the order parameters were observed for the three systems, particularly at the most aggressive acceleration level (Fig. 3B) . Both TM-bound systems exhibit considerably less dynamics in the 30 CT loop (residues 53-61) and the 60 CT insertion (residues 83-91), consistent with what was observed for the fast time-scale order parameters. However, on slow time scales, thrombin:TM456 exhibits remarkably more reorientation dynamics in the active site loop regions: the 90 CT loop (residues 122-132), the 148 CT loop (residues 184-192), the 170 CT loop (residues 213-221), the 186 CT loop (residues 228-234), and the 220 CT loop (residues 265-274). By contrast, thrombin: TM56 shows either no more or, in some regions, even less slow time-scale dynamics compared with the isolated thrombin system.
A residue-by-residue cross-correlation analysis (25) (Methods) applied to the free energy-weighted molecular ensembles obtained at the most aggressive acceleration level also revealed striking differences between the three systems (Fig. 4) . In all three systems, we observed cross-correlated motion between the 30 CT loop and the 60 CT insertion, and the strength of this cross-correlation was markedly enhanced in the thrombin:TM456 system. Additionally, the thrombin:TM456 system exhibited a complex pattern of strongly correlated motions across the active site loops (Fig. 5) directly coinciding with the observation of enhanced slow timescale dynamics in the level 2 AMD trajectories of the thrombin-TM456 complex (Fig. 3B) . In contrast, correlations between the corresponding regions in both the thrombin:TM56 and the isolated thrombin systems were very weak or absent.
To confirm that the pattern of strongly correlated motions observed in the thrombin-TM456 complex was due to TM4, we extended our analysis to include the TM domains. To circumvent complications from the reorientation dynamics of the TM domains, multiple cross-correlation analyses were performed after superposing the molecular ensemble on different regions of the system, and the complete cross-correlated dynamics map (Fig. 6) was then reconstructed. The results clearly show that the complex network of correlated motions observed in thrombin:TM456 propagates from the TM4 domain through the TM5 domain and into the thrombin molecule (Fig. 6) . Global reorientation dynamics of TM4 contribute significantly to the entire network of correlated motion by inducing global reorientation dynamics of TM5, and hence the specific orientation and interactions of TM5 with thrombin. Additionally, interdomain, residue-by-residue correlations are observed between regions of TM4 (residues 359-369) and TM5 (residues 404-414). Both global domain correlations and specific residue correlations in TM extend into ABE1 of thrombin, including the 30 CT loop (residues 53-61), the 60 CT insert (residues 83-91), and the 70 CT loop (residues 93-109). TM5 residues (404-414) are strongly correlated because they lie in close proximity to the 30 CT loop. In addition, Asp416 and Asp417 from TM5 make a significant contact with Thr105/Arg106 in thrombin. All these TM residues were identified previously as critical by alanine scanning mutagenesis (13) . The network of correlated motion continues from ABE1 into the thrombin active site loops and remains especially strong in the 148 CT loop (residues 180-190) and includes the 90 CT loop (residues 122-132) and the 170 CT loop (residues 210-220).
Discussion
The work presented in this paper provides unique and detailed insight into the functional dynamics of the thrombin:TM system, which not only rationalizes the available experimental data but explicitly identifies and defines the important role played by the TM4 domain in the activation of protein C. The results show two distinct but interrelated allosteric pathways that mediate the anticoagulant activity of the thrombin-TM complexes. One pathway connects the TM5 domain with ABE1, the 60 CT insertion, and the active site. This allosteric network, which exists in both the thrombin:TM56 and thrombin:TM456 systems, was previously identified using H/D exchange (16) . Community network models further indicate that TM4 strengthens this allosteric pathway (Fig. 2 ), leading to a significant enhancement in the cross-correlated motion between the 30 CT loop and the 60 CT insertion in the thrombin:TM456 system compared with the isolated thrombin and thrombin:TM56 systems (Fig. 4) . Indeed, binding of TM56 to . 4B ) are shown using a "ball-and-stick" representation: blue, extended 90 CT loop (residues 125-140); red, extended 148 CT loop (residues 175-192); green, 220 CT loop (residues 263-274); and orange, residues 103-110, which form part of the 70 CT loop. Regions in and neighboring ABE1, the 30 CT loop (residues 53-61, tan) and 60 CT insertion (residues 83-91, black), respectively, shown in cartoon format, are more rigid than in the isolated thrombin system but also show extensive correlated motions on both fast and slow time scales.
thrombin stabilizes some thrombin active site loops on slow time scales, as shown by the backbone NH N order parameters calculated from AMD simulations (Fig. 3B) .
The addition of the fourth EGF-like domain (TM456) activates slow time-scale dynamics in the active site loops of thrombin via another allosteric pathway. Global reorientation and intradomain configurational dynamics of TM4 are strongly coupled to both the global and intradomain dynamics of TM5. The importance of several of the most highly cross-correlated TM residues in these regions was previously characterized in an NMR study, which found that backbone dynamics of Tyr358 and Gln359 are correlated with anticoagulant activity and that backbone dynamics of Tyr413 and Ile414 are inversely correlated with thrombin binding (24) . This tight coupling between TM4 and TM5 was previously shown experimentally to depend on M388 in the TM4-TM5 linker (25, 26) . The specific orientation and interactions of TM5 induced via coupling to TM4 mediate specific interactions with ABE1. The dynamics of ABE1 are, in turn, highly correlated with the dynamics of the thrombin active site loops only in the TM4-containing construct. Through this complex pattern of extended correlated motions, slow time-scale configurational dynamics of TM4 are directly linked to the thrombin active site, providing evidence for entropic allostery between TM4 and thrombin (Figs. 5 and 6 ). The community network analysis also reveals that when TM456 is bound, the information transfer between the loop regions of thrombin is significantly enhanced, resulting in the observation of fewer yet larger communities and increased potential for communication between communities. This enhanced communication is particularly strong for the path connecting the active site loops to TM4 via ABE1 and TM5 and, interestingly, includes a direct allosteric interaction between the 148 CT loop and TM5. The highly correlated motions between the active site loops on slower time scales observed in thrombin: TM456 overlap directly with the different communities identified in the community network model. In particular, the 90 CT loop coalesces with the active site into a single community consistent with H/D exchange experiments that identified subtle changes in the 90 CT loop only in the presence of TM456 (15) . Our observation of different slow time-scale dynamic behavior of the active site loops of thrombin in thrombin:TM456 vs. thrombin:TM56 provides a mechanism for these heretofore inexplicable experimental results.
The slow conformational loop dynamics, mainly of the active site loops of thrombin, which only occur in thrombin:TM456, probably facilitate the association of small substrates and inhibitors (that may enter the active site without interacting directly with TM4), thereby increasing the association rate by several orders of magnitude. For the specific case of the significantly enhanced k a of protein C, two complementary mechanisms exist. First, following the work of Fuentes-Prior et al. (10) , the presence of TM4 forms an extended binding surface for protein C, providing optimal alignment for insertion into the active site and subsequent cleavage. This docking and optimal alignment mechanism probably works together with the allosteric mechanism identified in this study, in which the altered dynamics of the active site loops caused by TM binding increase the protein C k a . The binding of protein C to TM4 may also affect dynamics within TM4 to enhance the allosteric network and further promote protein C cleavage.
Methods
CMD and Computational Details. Atomic coordinates for thrombin were obtained from the Protein Data Bank (PDB) 1.9-Å X-ray crystal structure (PDB ID code 1PPB) (12) , and the initial coordinates for thrombin:TM56 and thrombin:TM456 were taken from the 2.3-Å X-ray crystal structure (PDB ID code 1DX5; chains A, M, and I) (10) . The active site inhibitor was removed from all structures. For thrombin:TM56 and thrombin:TM456, residues Arg456 and His475, which had been mutated to facilitate crystallization, were restored to WT. Each system was placed at the center of a periodically repeating box, and the simulation cell size was defined such that the distance between the edge of the simulation box and the surface of the solute was at least 12 Å. All simulations were performed in explicit solvent, and an appropriate number of Cl − or Na + counter ions were introduced to obtain cell neutrality.
A set of six standard CMD simulations was performed for each system. For each of these simulations, a different random seed generator for the Maxwellian distribution of atomic velocities was used, and after standard energy minimization and equilibration procedures, a 20-ns production run CMD simulation was performed under periodic boundary conditions with a time step of 2 fs. Bonds involving protons were constrained using the SHAKE algorithm. Electrostatic interactions were treated using the particle mesh Ewald method (26) with a direct space sum limit of 10 Å. The ff99SB force field (27) was used for the solute residues, and the TIP3P water force field (28) was used for the solvent molecules. These initial six 20-ns CMD simulations acted as a control set and were used as the starting point for the AMD simulations. These simulations also provided the average (unbiased) dihedral angle energy, <V 0 (dih)>, and total energy, <V 0 (tot)>, values used to define the acceleration parameters in the AMD simulations described below.
AMD. The details of the AMD protocol have been discussed previously (22, 23) , and only a brief summary is provided here. In AMD, a reference or "boost energy," E b , is defined, which lies above the minimum of the potential energy surface (PES). At each step in the simulation, if the instantaneous potential energy, V(r), lies below the boost energy, a continuous nonnegative bias potential, ΔV(r), is added to the actual potential. If the potential energy is greater than the boost energy, it remains unaltered. The application of the bias potential results in a raising and flattening of the PES, decreasing the magnitude of the energy barriers and thereby accelerating the exchange between lowenergy conformational states, although still maintaining the essential details of the potential energy landscape. Explicitly, the modified potential, V p (r), on which the system evolves during an AMD simulation is given by (22) : and ΔV(r) is defined as:
The extent of acceleration is determined by the choice of the boost energy, E b , and the acceleration parameter, α. Conformational space sampling can Fig. 6 . Extended cross-correlated dynamic map for thrombin:TM456 obtained from a representative free energy-weighted (level 2) AMD trajectory. The TM domains are defined as TM4 (residues 345-389), TM5 (residues 390-426), and TM6 (residues 427-462). Magenta boxes are drawn to highlight the most significant correlations between TM domains and TM domains with thrombin. Significant correlations within thrombin are indicated by black boxes as in Fig. 4 . be enhanced by either increasing the boost energy or decreasing α. In the present work, we have implemented a "dual boost" AMD approach (29) , in which two acceleration potentials are applied simultaneously to the system: The first acceleration potential is applied to the torsional terms only, and a second, weaker acceleration is applied across the entire potential. For each of the three systems, thrombin, thrombin:TM56, and thrombin:TM456 dualboost AMD simulations were performed at two (torsional) acceleration levels. For the most aggressive AMD simulations (level 2), the specific acceleration parameters were defined as E b (dih) − <V 0 (dih)> = [4 kcal/mol * No. residues], and the acceleration parameter, α(dih), was set to one-fifth of this value. The specific choice of these AMD parameters was based on the recent NMR/AMD study of thrombin:PPACK (details are provided in SI Text) (21) . For the second, moderate AMD simulations (level 1), the α(dih) parameter was kept the same and E b (dih) − <V 0 (dih)> was reduced to [2 kcal/ mol * No. residues]. In all AMD simulations, the total background acceleration parameters were fixed at E b (tot) − <V 0 (tot)> = α(tot) = [0.16 kcal/mol * No. atoms in simulations cell]. For each of the three systems, six AMD simulations were performed at both acceleration levels for 10,000,000 steps (the equivalent of 20-ns standard molecular dynamics). The physical conditions and computational parameters used in the AMD simulations were identical to those defined above for the CMD simulations, and all molecular dynamics simulations were performed using an in-house modified version of the AMBER10 simulations suite (30) . For each AMD trajectory, a corrected canonical ensemble was obtained by performing a Boltzmann free energy reweighting protocol using the bias potential block averaging method to remove statistical noise errors (details are provided in SI Text). In this way, six representative free energy-weighted molecular ensembles were generated at both acceleration levels, along with the six unbiased 20-ns CMD simulations for all three systems.
Trajectory Analysis. Allosteric networks were characterized using a community network analysis approach previously applied to investigate allostery in tRNA-protein complexes and other protein systems (24, 31, 32) . This approach constructs a dynamic contact map consisting of a network graph in which each residue is treated as a "node" connected by edges to other nodes when two residues are deemed to be "in contact." The dynamic contact map is subsequently decomposed into communities (i.e., clusters of residues) of highly intraconnected but loosely interconnected nodes using the GirvanNewman algorithm (33) . Central to this method is calculation of edge betweenness, the number of shortest paths that cross an edge. The edge betweenness is calculated for all edges, and the edge with the greatest betweenness is removed. This process is repeated, and a modularity score is tracked to identify the division that results in the optimal community structure. Network graph calculations were performed using the python module NetworkX (33) .
Residue-by-residue cross-correlations were calculated using the generalized cross-correlation approach applied to all backbone Cα atomic coordinates based on the mutual information method developed by Lange and Grubmüller (25) using the g_correlation module in GROMACS 3.3.3 (34) .
The internal dynamics were monitored by calculating backbone NH N order parameters (S 2 ) from the different CMD and AMD simulations, which provide a quantitative measure of the extent of reorientational motion of the given bond vector (35) . In all cases, molecular ensembles generated from the standard CMD simulations and the free energy-weighted AMD trajectories were superposed onto the heavy backbone atoms of all residues for the appropriate average structure. Order parameters were calculated as follows (36):
where μ i are the Cartesian coordinates of the normalized internuclear vector of interest. The resulting order parameters were then averaged over all molecular dynamics/AMD trajectories.
Supplementary Information. Chymotrypsin and corresponding sequential residue numbering for thrombin is provided in SI Text. A detailed account of the AMD protocol, including the specific choice of acceleration levels and a more comprehensive description of the community network analysis, is provided in SI Text.
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Residue Numbering Schemes for Thrombin: Chymotrypsin and Sequential
Residue Numbering. To accommodate readers who use one of several different numbering schemes for thrombin, we report here residue labeling in the both the chymotrypsin and sequential numbering schemes. Thrombin possesses both a light chain (residues 1H CT -15 CT in the chymotrypsin labeling scheme and residues 1-36 in the sequential numbering scheme) and a heavy chain that comprises the active site and active site loops (Table S1 ). In the sequential residue numbering scheme, thrombin is defined as residues 1-295 and the thrombomodulin (TM) domains are defined as TM4 (residues 345-389), TM5 (residues 390-426), and TM6 (residues 427-462). Notably, the anion-binding exosite site 1 (ABE1) consists of two regions, the 30 CT loop (33 CT -39 CT , comprising residues 54-61 in the sequential residue numbering scheme) and the "ABE1 large loop" (residues 66 CT -81 CT in the chymotrypsin numbering scheme and residues 93-109 in the sequential residue numbering scheme).
Accelerated Molecular Dynamics. Accelerated molecular dynamics (AMD) (1,2) is an extended, biased potential molecular dynamics approach that allows for the efficient study of biomolecular systems up to time scales several orders of magnitude greater than those accessible using conventional classical molecular dynamics (CMD) methods, although still maintaining a fully atomistic representation of the system. In the AMD algorithm, a reference or "boost energy," E b , is defined, which lies above the minimum of the potential energy surface (PES). At each step in the simulation, if the instantaneous potential energy, V(r), lies below the boost energy, a continuous, nonnegative bias potential, ΔV(r), is added to the actual potential. If the potential energy is greater than the boost energy, it remains unaltered. The application of the bias potential results in raising and flattening of the PES, decreasing the magnitude of the energy barriers and thereby accelerating the exchange between low energy conformational states, although still maintaining the essential details of the potential energy landscape. Explicitly, the modified potential, V * (r), on which the system evolves during an AMD simulation is given by: V *ðrÞ ¼ V ðrÞ; V ðrÞ ≥ E b V *ðrÞ ¼ V ðrÞ þ ΔV ðrÞ ; V ðrÞ < E b and the bias potential, ΔV(r), is defined as:
The extent of acceleration is determined by the choice of the boost energy, E b , and the acceleration parameter, α. Broadly speaking, the magnitude of ½E b − V ðrÞ defines the strength of the bias, whereas the acceleration parameter, α, controls the curvature (i.e., extent of flattening) of the modified PES. As such, conformational space sampling can be enhanced by either increasing the boost energy while holding α fixed or decreasing α for a fixed value of E b . Care must be taken not to "overaccelerate" the system. For example, setting E b too large or α too small leads to the generation of an isoenergetic modified PES, resulting in a random walk through configurational space causing the system to spend a large proportion of time sampling energetically unfavorable regions of the PES. During the course of the AMD simulation, if the potential energy is modified, the forces on the atoms are recalculated for the modified potential and the use of the bias potential defined above ensures that the derivative of the modified potential will not become discontinuous at points where V(r) = E b .
One of the favorable characteristics of the AMD approach is that it yields a canonical average of an ensemble, such that thermodynamic and other equilibrium properties can be accurately determined. The corrected canonical ensemble average of the system is obtained by reweighting each point in the configuration space on the modified potential by the strength of the Boltzmann factor of the bias energy, exp[βΔV(r t(i) )] at that particular point. AMD has already been used with great success to study the dynamics and conformational behavior of a variety of biomolecular systems, including polypeptides and folded and natively unstructured proteins (2) .
Central to the success of an AMD simulation is the choice of the acceleration parameters, E b and α. In principle, for every system, there exists a suitable or "optimal" set of acceleration parameters that efficiently enhance the conformational space sampling without generating instabilities in the trajectory and avoiding a random walk. Although the choice of optimal acceleration parameters is certainly system-specific and depends most notably on the size of the system, comparative analysis of a set of successful AMD studies revealed that for torsional acceleration, the optimal value of [E b (dih) − V(dih)] is equal to 3-5 kcal/mol times the number of solute residues (NSR) in the system and that the acceleration parameter, α, should be approximately onefifth of this value (2) . Very much in line with this general observation, in a very recent NMR/"dual boost" AMD study of thrombin:D-Phe-Pro-Arg-chlorormethyl ketone (PPACK) (3), it was found that the optimal torsional acceleration parameters for the recapitulation of experimental NMR-based N-H . In this study, the acceleration parameters for the background, total acceleration [E b (tot) − V(tot)], and α(tot) were set to 0.16 kcal/mol times the number of atoms in the simulation cell (NASC), which was obtained from a detailed study of the effect of acceleration on bulk water (4). RDCs are averaged over all orientations of the magnetic dipolar interaction vector sampled up to a time scale defined by the inverse of the alignment-induced coupling, thereby reporting on temporal motions up to the millisecond range. However, an analysis of the R1/R2/hetNOE data revealed no significant exchange relaxation in the thrombin:PPACK system. Because exchange relaxation specifically reports on motions in a time window spanning ∼100 μs to several milliseconds, we concluded that the dynamic motions being accessed in the AMD simulations were occurring on time scales up to several tens of microseconds. In the present study on thrombin, thrombin:TM56, and thrombin:TM456, we have specifically chosen the same acceleration parameters {E b (dih) − V(dih)=4 kcal/mol * NSR, α(dih) = 0.8 * NSR} and {[E b (tot) − V(tot)] = α(tot) = 0.16 * NASC} for the most aggressive acceleration level (level 2), and by analogy to our previous study on thrombin:PPACK, we conclude that the associated time scale of the configurational space sampling in these AMD trajectories is approximately several tens of microseconds. For each AMD simulation, a corrected canonical ensemble was obtained by performing the Boltzmann free energy reweighting protocol described above using the bias potential block averaging method (2) to remove statistical noise errors. 
